Background-There is growing evidence for a pivotal role for tachykinins in gut neuroimmune interactions. Aims-To determine whether NK1, NK2, and NK3 tachykinin receptors are involved in milk protein induced allergic sensitisation. Methods-Eight groups of 12 DunkinHartley guinea pigs (250-300 g) were used. Four groups were sensitised to milk proteins for three weeks. During this period, these animals were injected intraperitoneally each day with NK1 (SR 140333; 0.3 mg/kg), NK2 (SR 48968; 5 mg/kg), or NK3 (SR 142801; 5 mg/kg) receptor antagonist or vehicle. The fifth group had water available instead of milk and was used as a non-sensitised control. The three other groups received the NK receptor antagonists for three weeks but were not sensitised to milk proteins. Results-Sensitised animals treated with NK1 and NK3 receptor antagonists had both lower IgE and IgG serum titres, evaluated by passive cutaneous anaphylaxis, and lower specific IgG serum titres, determined by enzyme linked immunosorbent assay (ELISA), than vehicle treated animals. Sensitisation induced an increase in intestinal mast cell number which was abolished by treatment with the NK1 receptor antagonist. Antigenic challenge-induced jejunal hypersecretion was also blocked by treatment with the NK1 receptor antagonist. Conclusion-In guinea pigs, NK1 and NK3 but not NK2 receptors are involved in sensitisation to cow's milk. However, NK1 but not NK3 receptor antagonists abolish both the hypermastocytosis induced by food allergy and the hypersecretion induced by antigenic challenge, suggesting diVerent roles for NK1 and NK3 receptors in the mechanisms of sensitisation to -lactoglobulin. (Gut 1999;44:497-503) 
Immediate hypersensitivity reactions of food allergy induce clinical manifestations, such as rhinitis, urticaria, and eczema, and gastrointestinal symptoms, such as nausea, vomiting, abdominal pain, and diarrhoea. 1 These hypersensitivity reactions in sensitised subjects are a consequence of antigen exposure resulting in IgE production and attachment to mast cells. Subsequent exposure to the antigen induces mast cell degranulation with release of stored and newly formed mediators. 2 Furthermore, a close apposition between mast cells and nerves has been described in the gastrointestinal mucosa, 3 and increasing evidence is emerging for nerve involvement in mast cell degranulation and induction of digestive disturbances by antigen challenge. For example, mast cell degranulation was induced by a Pavlovian reflex in egg albumin sensitised rats, 4 and the neurotoxin tetrodotoxin was reported to inhibit the increase in intestinal permeability induced by egg albumin challenge in sensitised rats. 5 Moreover, substance P (SP) and calcitonin gene related peptide immunoreactivities have been found in nerves apposed to mast cells, 6 and motor 7 or secretory 8 alterations induced by antigen challenge were reduced by destruction of aVerent nerves by capsaicin or administration of an SP receptor antagonist. 7 Tachykinins are a group of neuropeptides that includes SP, neurokinin A (NKA), neurokinin B (NKB), and two N-terminally extended forms of NKA, neuropeptide and neuropeptide K. SP, NKA, and NKB bind preferentially to NK1, NK2, and NK3 tachykinin receptors respectively. 9 SP and NKA have been described in capsaicin sensitive aVerent neurons among other neuromediators such as calcitonin gene related protein. 10 11 NK3 receptors have been found localised in myenteric and submucosal neurons. 12 13 Besides this neuronal localisation of tachykinins and their receptors, in agreement with the neurally mediated eVects of antigen challenge, tachykinins are considered to be prominent peptides in neuroimmune connections 14 and especially involved in the control of immune cells that contribute to protein sensitisation and IgE synthesis. For example, SP stimulates proliferation of B and T lymphocytes 15 and their immunoglobulin synthesis, or regulates cytokine production by macrophages. 16 Moreover, SP levels may characterise allergies besides food allergy. Indeed even in the absence of allergen provocation, SP levels are increased in bronchoalveolar and nasal lavages of grass pollen allergy patients, in comparison with healthy subjects, 17 and in nasal secretion, they reflect the clinical state of nasal allergy. 18 The aim of this work was therefore to determine whether tachykinins are involved in the phase of antigenic sensitisation in food allergy. We determined the eVect of NK1, NK2, and NK3 receptors on IgE and IgG synthesis, the number of mast cells, and secretory response to antigen challenge, which characterise the degree of sensitisation to cow's milk proteins in guinea pigs . The animals were treated with the  selective NK1, NK2, and NK3 receptor  antagonists, SR 140333, SR 48968, and SR  142801 19-21 respectively during the three week period of sensitisation.
Methods

ANIMALS AND SENSITISATION
Eight groups of 12 female Dunkin-Hartley guinea pigs weighing 250-300 g (Harlan, Gannat, France) were used for these experiments. A milk protein-free solid pellet diet was supplied to all animals. Four groups were sensitised to cow's milk proteins by giving them only fresh pasteurised whole cow's milk to drink instead of water for three weeks. 22 These animals received in addition a daily gavage of 100 mg of a mixture of whey proteins enriched with -lactoglobulin (LCL 90; Nutrinov, Rennes, France) dissolved in 1 ml distilled water and were allowed to drink water for three days before assessment of sensitisation. 24 and SR 142801 at 1-10 mg/kg/day, intraperitoneally. 25 At these doses, the NK antagonists are specific for their receptor subtypes. [19] [20] [21] The fourth group received a daily treatment with vehicle (0.9%NaCl/dimethyl sulphoxide; 1:1; 0.5 ml intraperitoneally). The fifth group drank tap water instead of milk and was considered to be a non-sensitised control. Three other groups received the NK receptor antagonists but were not sensitised to milk proteins.
ANTIBODY TITRES
Blood was withdrawn by cardiac puncture from all animals to determine anti--lactoglobulin IgG and IgE titres by the passive cutaneous anaphylaxis (PCA) test. Briefly, 100 µl of diluted serum ranging from 1:2 to 1:256 was injected intradermally into the shaved flanks of naive guinea pigs. Two days later, 2.5 mg -lactoglobulin in Evans blue dye (1% in 0.9% NaCl solution) was injected intravenously in a final volume of 0.5 ml. One hour later, PCA reactivity was measured as the highest dilution yielding a positive response (local skin turning blue in patches of diameter >4 mm). Titres were expressed as the log of the highest dilution giving blue patches.
IgG antibodies to -lactoglobulin were also evaluated in the serum samples by enzyme linked immunosorbent assay (ELISA). Multiwell microtitre plates were coated with 100 µl -lactoglobulin (200 ng/well). Diluted sera (1:30 to 1:21 870) were added to each well.
After incubation, rat anti-guinea pig IgG peroxidase conjugate (Nordic Immunology, Tillburg, The Netherlands) was added. Peroxidase activity was assayed by staining with diamino-orthophenylene in 0.05 mol/l citrate buVer (pH 4) containing 0.1% H 2 O 2 . The reaction was stopped with 3 M H 2 SO 4 , and absorbance was measured at 492 nm with a microplate reader (EL 132; Bio-Tek Instruments, Winooski, VT, USA). Positive titres were given as the log of the last dilution with an absorbance that was twice that of the background.
MAST CELL NUMBER Four days after cardiac puncture, six animals from each group were killed by cervical dislocation and exsanguination. Small pieces (5 mm) of jejunum, 20 cm distal to the ligament of Treitz, were fixed in Carnoy's solution, cleared in toluene, and embedded in paraYn blocks. Transverse sections (4 µm) were stained with alcian blue-safranin O for identification of intestinal mast cells, in both the mucosa and submucosa. Three sections per animal and three views per section were examined for mast cell counts. The sections were examined in a blind fashion by a person who was unaware of the experimental groups.
EVALUATION OF ANTIGEN INDUCED JEJUNAL
SECRETION
Modification of intestinal transport of water is a characteristic feature of intestinal anaphylaxis. 26 To assess the response to antigen challenge, we measured the net water flux of an isolated jejunal loop. 27 28 A midline laparotomy was performed in anaesthetised (urethane, 2 g/kg intraperitoneally) guinea pigs to expose the small intestine. A 5 cm segment of the distal jejunum (30 cm from the ileocaecal junction) was isolated and cannulated for intraluminal perfusion. After cleansing of the intraluminal contents, the loop was replaced in the abdominal cavity, which was then closed, and the jejunal segment was infused with a Ringer buVer solution containing 1 µCi/l 51 Cr-EDTA as a non-absorbed dilution marker of water flux. 28 The loop was infused at a constant rate (6 ml/h) and the eZuent was collected for 15 minute periods (1.5 ml) over 210 minutes (21 ml) . Total recovery of the probe 51 Cr-EDTA varied between 94 and 102%. After an equilibration period (90 minutes), antigen challenge was performed by adding -lactoglobulin (100 mg) to the Ringer solution. Antigen was infused for 30 minutes. 51 Cr activity in collected samples was measured in a counter (Cobra II; Packard, Meriden, CT, USA), and water flux for every 15 minute period was calculated using the following formula: net water flux (µl/cm/h) = (1 − (cpm s / cpm x )) × (P/L), where cpm s and cpm x are 51 Cr radioactivity in Ringer solution and eZuent respectively, P is the perfusion rate (µl/h), and L the length (cm) of jejunal segment. Positive values represent net absorption of water, and negative values represent net secretion.
DRUGS
The drugs used in this study were: SR 48968 
Results
SENSITISATION RATE
No positive response was detected by the PCA test in non-sensitised guinea pigs and in non-sensitised animals treated with NK receptor antagonists. In sensitised animals treated with vehicle, the PCA titres reached 1.84 (0.16). In sensitised animals treated with NK1 or NK3 receptor antagonist, the titres were significantly (p<0.01) lower (0.98 (0.18) and 0.75 (0.08) respectively). The titre was not significantly (p>0.05) modified (1.98 (0.15)) in animals treated with the NK2 receptor antagonist (fig 1) .
The anti -lactoglobulin IgG titre disclosed by ELISA and expressed as absorbance obtained for a 1:30 diluted serum was not detectable in the non-sensitised controls. The titre was 0.71 (0.07) in sensitised animals treated with vehicle. It was significantly (p<0.05) lower 
JEJUNAL MAST CELLS
The number of mast cells/mm 2 of jejunum was significantly (p<0.05) increased in sensitised animals (113.3 (9.2)) in comparison with nonsensitised animals (78.1 (6.2)) or nonsensitised animals treated with NK1, NK2, or NK3 receptor antagonists (75.4 (5.3), 82.6 (3.5), and 73.7 (6.1) respectively). NK1 receptor antagonist abolished the increase in number of mast cells induced by the sensitisation (64.2 (6.7)). However, the number of mast cells was not significantly (p>0.05) modified by treatment with NK2 or NK3 receptor antagonist in sensitised guinea pigs (120.7 (15.6) and 107.8 (12.8) respectively) (fig 3) . JEJUNAL SECRETION AFTER ANTIGENIC CHALLENGE Infusion of -lactoglobulin (100 mg) in sensitised animals reversed the net water flux of the jejunal loop from an absorptive to a secretory state. This change did not occur in nonsensitised animals and in non-sensitised animals treated with the NK1, NK2, or NK3 receptor antagonists. In these, water absorption was constant throughout the time course of the study. Basal net water flux in sensitised animals was 24 (19) µl/cm/h during the 30 minutes preceding the antigenic challenge. During the intrajejunal perfusion of -lactoglobulin over 30 minutes, a net secretion of water, reaching −55 (4) µl/cm/h, was observed. After -lactoglobulin challenge, the net water absorption was restored and values after infusion were not significantly diVerent from basal values. In sensitised animals treated with the NK1 receptor antagonist, the antigenic challenge did not induce hypersecretion (49.5 
Figure 4 EVect of intrajejunal infusion of -lactoglobulin on jejunal net water flux in (A) non-sensitised and (B) sensitised controls and in guinea pigs treated for three weeks with (C) NK1, (D) NK2 or (E) NK3 receptor antagonist. *Significantly diVerent (p<0.05) from non-sensitised controls for the same period (n = 6).
Discussion
Our results indicate that NK1 and NK3 tachykinin receptors are involved in the processes of oral sensitisation to -lactoglobulin in guinea pigs. As the compounds used (SR 140333, SR 48968, and SR 142801) are considered to be selective and potent antagonists for NK1, NK2, and NK3 receptors [19] [20] [21] respectively, we can postulate that SP and NKB, but not NKA, play a role in this sensitisation process. The model of oral sensitisation we used has been found to induce allergic digestive disturbances similar to those found after parenteral sensitisation. 29 The oral route of sensitisation mimics what occurs in infants with cow's milk allergy diseases and therefore appears to be a clinically relevant model. However, unlike in infants with cow's milk allergy, no diarrhoea is observed in the guinea pig, but soft faeces associated with accelerated colonic transit has been described in this model. 30 The PCA test is classically used to evaluate the degree of sensitisation, and intestinal fluid secretion has often been used to evaluate the intensity of anaphylaxis after antigenic challenge. 31 51 Cr-EDTA is generally considered to be a marker of epithelial permeability. 32 33 However, its absorption is found to be very low, even in patients with inflammatory bowel disease. 34 Theodorou et al 28 have shown very low absorption of 51 Cr-EDTA, about 1-2% of the administered dose per os and excreted in the urine after 24 h. Consequently, the amount of 51 Cr-EDTA absorbed from the perfused 5 cm jejunal segment is probably not significant. Despite a report of a transient increase in jejunal permeability during challenge administration, 5 35 we found a recovery of 51 Cr-EDTA, calculated from the total volume of eZuent collected over the experimental period, varying from 94 to 102%. Moreover, we found no trace of radioactivity in blood samples taken at the end of experimentation (data not shown). In several studies of food allergy, the results of mast cell counts are controversial. In one study, in the same model of guinea pig cow's milk allergy, the authors did not find any modification of the submucosal mast cell counts in the colon due to sensitisation. 36 In other studies, no clear correlation between mast cell counts and food allergy has been shown. 5 37 However, the mast cell hyperplasia found in sensitised animals in the present study has also been described in a rat model of food allergy, 38 and some studies have indicated possible relations between systemic mastocytosis and food allergy. 39 Serum titres of anti--lactoglobulin IgE and IgG were reduced after treatment with the NK1 receptor antagonist SR 140333. We can postulate that SP participates in the sensitisation process by enhancing immunoglobulin synthesis by B lymphocytes. As interactions between B and T lymphocytes are known to be crucial for IgE production, 40 such an hypothesis agrees with both the presence of SP receptors on B and T lymphocytes 41 and the stimulation of lymphocyte proliferation by SP. 42 On the other hand, IgE synthesis has been shown to be regulated by cytokines. For example, interleukin-4, -5, and -6 upregulate, whereas interferon-and interleukin-2 downregulate, IgE production. 43 Exogenous SP has been found to stimulate interleukin-1 and -6 and tumour necrosis factorrelease by monocytes. 44 This eVect occurs at low doses of SP and is specific, as it was blocked by an SP antagonist. Moreover, interleukin-6 is known to stimulate the growth of T lymphocytes. 45 SP has also been found to accentuate IgE synthesis induced by interleukin-4. 46 Taken together, the above data favour a stimulating role for SP in IgE production and are in agreement with the reduction in IgE and IgG titres observed after treatment of sensitised animals with the NK1 receptor antagonist.
NKB also plays a role in antigenic sensitisation to -lactoglobulin, as IgE and IgG titres were reduced by treatment with NK3 receptor antagonist. However, we have no explanation for this eVect, as NK3 receptors have never been reported to be present on immune cells. Until now NK3 receptors in the digestive tract have been identified only on myenteric and submucosal neurons in the rat gastrointestinal tract, 12 on cholinergic neurons of the myenteric plexus in the guinea pig ileum, 47 and on intrinsic sensory neurons projecting into the mucosa in the rat ileum. 13 We have shown that the increase in mast cell number observed in sensitised animals was abolished by treatment with the NK1 receptor antagonist. The existence of anatomic and functional contacts between amyelinic nerve fibres and mast cells is now well established, 3 and suggests that bidirectional trophic interactions occur between nerves and mast cells. Mast cells influence the development of sensory neurons through the release of nerve growth factor. On the other hand, destruction by capsaicin of SP sensory neurons in neonatal rats has been found to reduce the number of intestinal mucosal mast cells. 48 Moreover, several cytokines such as interleukin-3, -4, -9, and -10 and nerve growth factor promote mast cell proliferation, 49 and it can be postulated that some of these cytokines are involved in proliferative actions of SP on mast cells. Nevertheless, the inhibitory action of NK1 receptor antagonist on mast cell proliferation induced by cow's milk sensitisation seems to be specifically mediated by SP and NK1 receptors, as this proliferation was not observed after NK2 and NK3 receptor antagonist treatment.
An interesting finding concerns the diVerences in the eVects of NK1 and NK3 receptor antagonist treatments in sensitised animals. The NK1 receptor antagonist reduced IgE and IgG titres, abolished hypermastocytosis, and blocked the jejunal secretory response to antigenic challenge, whereas the NK3 receptor antagonist also reduced IgE and IgG titres but did not modify either hypermastocytosis or the anaphylactic secretory response. This may indicate that in food allergy, at least cow's milk allergy in guinea pigs, intestinal hypermastocytosis is perhaps a condition that induces a secretory response to the antigenic challenge. It has also been shown that the mast cell stabiliser doxantrazole suppresses challenge induced colonic secretion in cow's milk sensitised guinea pigs. 28 Another explanation for the decrease in sensitisation rate after treatment with NK1 and NK3 receptor antagonists could be a reduction in antigen uptake. The results on intestinal permeability in the basal state or after antigen challenge in animals sensitised to cow's milk are controversial. In one study, 50 a decrease in intestinal permeability was shown after four weeks of sensitisation to cow's milk. In contrast, another study 29 shows an increase in intestinal permeability after three weeks of sensitisation to cow's milk. Moreover, it has been recently shown that NKA increases intestinal permeability through the activation of NK2 receptors, 51 and we found no change in sensitisation rate after NK2 receptor antagonist treatment. Therefore there is no evidence for the action of NK1 or NK3 receptor antagonist on intestinal permeability.
It can be concluded that treatment with NK1 and NK3 receptor antagonists reduces the rate of sensitisation to oral cow's milk proteins in guinea pigs through diVerent mechanisms, an action on intestinal hypermastocytosis and secretory response to antigen challenge being observed with the NK1 receptor antagonist whereas both NK1 and NK3 receptor antagonists reduce IgE and IgG titres.
